Wind Tunnel Data Acquisition System Development Using LabVIEW by Bishop, Riley
Western Kentucky University 
TopSCHOLAR® 
Mahurin Honors College Capstone Experience/
Thesis Projects Mahurin Honors College 
2021 
Wind Tunnel Data Acquisition System Development Using 
LabVIEW 
Riley Bishop 
Follow this and additional works at: https://digitalcommons.wku.edu/stu_hon_theses 
 Part of the Aerodynamics and Fluid Mechanics Commons 
This Thesis is brought to you for free and open access by TopSCHOLAR®. It has been accepted for inclusion in 
Mahurin Honors College Capstone Experience/Thesis Projects by an authorized administrator of TopSCHOLAR®. 
For more information, please contact topscholar@wku.edu. 
 




A Capstone Experience/Thesis Project Presented in Partial Fulfillment 
of the Requirements for the Degree Bachelor of Science 
with Mahurin Honors College Graduate Distinction 












Dr. Manohar Chidurala, Chair 
Dr. Robert Choate 


















Utilizing an educational-purpose wind tunnel, a data acquisition system through 
LabVIEW was created to experimentally analyze the aerodynamic forces experienced by 
objects in uniform external flow by automatically performing trials and interpreting 
electrical measurement signals. To verify experimental results from pressure distribution 
data around an object, a force balance was designed to mount objects stationarily in the 
wind tunnel test section while directly measuring the total lift and drag forces, calculating 
the pitching moment (for airfoils), and monitoring the angle of attack. The force balance 
design includes three load cells, one for measuring drag force and two for measuring total 
lift force as well as the moment about the leading edge, that are programmed through 
Arduino software and hardware. The angle of attack for airfoils is monitored by an 
accelerometer that communicates electrical signals to LabVIEW. Successful data 
acquisition adequately supported by theoretical and numerical models of external flow 
along with credible explanation of sources of error may promote implementation of the 
experimental setup as a laboratory experiment for future WKU students and funding for a 
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In copious engineering applications, external air flow induces significant aerodynamic 
effects that practicing engineers must consider. Such applications include, for example, 
fuel efficiency for automobiles and aircrafts as well as wind turbine blade analysis. 
Although the development of computational fluid dynamic (CFD) allows researchers to 
perform simulated studies of external flow over objects, physical experiments remain 
invaluable to the data collection and analysis process because they often detect results 
that vary from computational models. The typical method of performing these 
experiments is the wind tunnel, a device that uses a fan to produce uniform air flow 
through a duct that contains a test section, or an area in the middle of the tunnel, in which 
an object is placed. The following provides a visualization of a wind tunnel: 
Figure 1: Hampton H-6910 Wind Tunnel 
 
The WKU Thermofluids Lab currently holds a Hampden Model H-6910 wind tunnel, 
shown above, designed for educational purposes. With air flow direction being left to 
right, a fan on the right drives ambient air through the wind tunnel. The test section, the 
clear section in the middle, experiences accelerated and uniform flow by the nozzle to the
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left. Uniform flow implies that the flow does not vary across the cross-sectional plane of 
the test section. It is crucial to achieve uniform flow because this condition occurs most 
often in realistic aerodynamic applications. Air then exits the test section into a diffuser 
to the right. As a Senior Capstone project for the mechanical engineering program, a team 
of five undergraduate students has worked with a faculty advisor to utilize the wind 
tunnel by developing a data acquisition system to experimentally determine the 
aerodynamic properties of lift and drag force of objects in external flow. The following 
images illustrate the concept of lift and drag forces for readers without a background in 
fluid mechanics: 
Figure 2: Lift and Drag Force Visualization 
 
Figure 1 above shows a two-dimensional airfoil with air flowing from left to right. The 
air flow applies a total aerodynamic force on the object that can be divided into two 
separate vector components: lift force and drag force. Lift force is an upward force 
perpendicular to the flow direction, and drag force is a parallel force to the flow direction 
acting in the same direction as the flow. 
The total drag force acting on an object is the sum of two components: pressure drag and 
skin friction drag. The pressure on any point on the object results in a force applied 
perpendicular to the surface at that point. Thus, pressure drag occurs due to a higher 
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pressure distribution at the front of the object relative to the back of the object (in relation 
to the flow direction). Skin friction drag occurs because of the frictional force imposed 
tangentially on the surface of the object by the flow. The Capstone project team’s goal 
was to develop a data acquisition system that measures the pressure at sixteen points 
around an object in external flow to approximate its pressure distribution and 
subsequently calculate the resulting lift and drag forces. On blunt bodies, such as the 
objects tested in this experiment, pressure drag is typically more significant than friction 
drag by a large margin, so the pressure distribution experimental method can be 
considered an appropriate approximation with a negligible skin friction force. However, 
an experimental method of directly measuring the total lift and drag forces would validate 
the accuracy of the results by comparing the total drag force to the pressure drag to 
determine the significance of skin friction drag in the experiment. As an honors 
supplement to the Capstone project, a force balance was developed as a direct force 
measurement system.  
Aerodynamics and Fluid Mechanics Theory 
Lift force and drag force are calculated from the following equations: 
1. 𝐹 = ∗ 𝜌 ∗ 𝑉 ∗ 𝐴 ∗ 𝐶  
2. 𝐹 = ∗ 𝜌 ∗ 𝑉 ∗ 𝐴 ∗ 𝐶  
In these equations, “ρ” represents the density of air, “V” represents freestream velocity, 
“A” represents the cross-sectional area of the object normal to the flow direction, and 𝐶  
and 𝐶  are the drag and lift coefficients. The cross-sectional area is the area seen by the 
flow upstream; thus, the cross-sectional area of flow over the curved surface of a cylinder 
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would be the product of the diameter and the length of the cylinder. The lift and drag 
coefficients are unitless parameters that correlate directly to the aerodynamic property of 
the object. For example, a lower lift coefficient corresponds to a lower resulting lift force. 
A force balance directly measures the lift force and drag force, so with a known density, 
velocity, and cross-sectional area, the coefficients can be solved after collecting force 
data.  
In addition to the lift and drag force, the force balance can determine the moment about 
the leading edge of an airfoil. The following image displays the terminology for airfoils 
that will be referenced: 
Figure 3: Airfoil Diagram 
 
The chord line extends from the leading edge to the trailing edge. The camber line 
represents the midpoint between the upper and lower surfaces of the airfoil at each point 
along the chord line. The leading edge of the airfoil is the frontmost point of the chord. 
The zero-lift line indicates the direction of fluid flow relative to the airfoil at which the 
lift force acting on the object would be zero. As shown in Figure 2, the summation of the 
aerodynamic forces acting on an object in external flow can be reduced to one resultant 
aerodynamic force acting on the center of pressure.  
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The pitching moment is a concept commonly utilized in aerodynamics that represents the 
rotational torque experienced by the airfoil due to aerodynamic forces. The pitching 
moment is significant in applications such as aircrafts where the torque must be 
countered to prevent the aircraft from rotating. At a point along the chord line of the 
airfoil known as the aerodynamic center, the pitching moment remains constant 
regardless of angle of attack. In this experiment, only symmetric airfoils, or those where 
the camber line matches the chord, were studied. Symmetric airfoils theoretically have a 
pitching moment of zero about the aerodynamic center due to their stationary center of 
pressure with a changing angle of attack. The pitching moment about the aerodynamic 
center and the leading edge were experimentally determined. To calculate the pitching 
moment experimentally, the force balance measures the lift force at two different points 
along the airfoil chord. The sum of the moments about the leading edge caused by the 
two forces results in the total pitching moment. The image below from an experiment by 
Embry-Riddle Aeronautical University (Tomin et al.) illustrates this calculation. 
Figure 4: Moment about Leading Edge Illustration 
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From this concept, the equation for the moment about the leading edge can be written as: 
3. Σ𝑀 = 𝑀 + 𝑀 = 𝐹 𝑥 + 𝐹 𝑥  
Here, “F” is the value of lift force, and x represents the horizontal distance from the 
leading edge to the point of measurement. Conversion of the moment to a unitless 
parameter offers more effective data analysis. Pitching moment data, therefore, is better 




In this equation, “M” is the moment, “𝑞 ” is the dynamic pressure of the freestream, “S” 
is the planform area of the airfoil, and “c” is the chord length. Dynamic pressure can also 
be written as: 
5. 𝑞 = 0.5 ∗ 𝜌 ∗ 𝑉  
Here, air density is “𝜌” and freestream velocity is “𝑉 .” By applying this and the fact 
that the airfoil area equals the product of the width and chord length, the equation 
becomes the following: 
6. 𝐶 =
. ∗ ∗ ∗ ∗
 
Collection of the lift, drag, and moment coefficients allows for graphical data analysis of 
the aerodynamic behavior of the objects in comparison to the Reynolds Number 
associated with the flow. The Reynolds Number is another unitless parameter that 
describes the nature of flow by quantifying the flow regime. It is the ratio of inertial 





“𝜇” is the dynamic viscosity of the fluid, and “L,” in external flow applications, is the 
length of the object in the flow direction. The relationship between Reynolds Number and 
length, as the equation suggests, is linear such that as length increases, the Reynolds 




MATERIALS AND METHODS 
Instrumentation 
The instrumentation in the force balance includes three load cells for measuring force. 
Visualization of a load cell is shown below: 
Figure 5: Load Cell 
 
Load cells consist of a circuit with four resistors in a Wheatstone bridge pattern. When a 
force is applied to the load cell, the strain experienced by the resistors causes the 
resistance to change. Thus, when provided a supply voltage, the Wheatstone bridge 
outputs an electrical signal proportional to the force applied.  
To monitor the angle of attack, or the angle of an airfoil relative to the flow direction, 
accelerometers were used in this experiment. An accelerometer measures the acceleration 
due to gravity on a given axis, so it acts as a tilt sensor. In this experiment, the 
accelerometers used have three axes, one for each cartesian direction, on which 
accelerations are measured. However, since the airfoils used in the experiment only 
require rotation about one axis for various angles of attack, only two of these axes were 
necessary. Each axis outputs an analog signal proportional to the acceleration 
experienced by the sensor in multiples of “g,” the known acceleration due to gravity. The 
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equation defining the relationship between the voltage output signal and acceleration is 
given below: 
8. 𝑎 = ∗ (𝑉 − 𝑉 ) 
Here, “S” is the sensitivity, “V” is the output voltage value, and “𝑉 ” is the offset voltage, 
or the voltage output that occurs at zero gravity. The data sheet, which can be found in 
the Appendix, provides the sensitivity and the offset values for the sensor relative to the 
supply voltage. This equation produces a linear relationship between the output signal 
and the measured acceleration value. With known acceleration values on two 
perpendicular axes, each value can be considered a vector. To measure the angle of an 
object relative to Earth’s gravity, then, one axis (Z) must be defined as parallel this 
direction while the other (X) is defined perpendicular such that the third unused axis 
aligns with the axis of rotation of the object. Thus, the angle of attack can be calculated 
by taking the arctangent of the quotient of X and Z acceleration. 
The table below lists the items used in the force balance: 
Table 1: Bill of Materials 
Item Quantity Cost 
Elegoo Uno R3 Microboard 1 Found in Lab 
Chenbo 1kg Load Cell 3 $25.47 
HX711 Amplifier 3 Included with Load Cells 
ADXL335 Accelerometer 1 Found in Lab 
Spare Aluminum Stock  Found in Lab 
Sheet Metal Box Frame 1 Found in Lab 
**NI CompactDAQ with Modules 1 Used for Team Portion 
TOTAL  $25.47 
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The CompactDAQ is a data acquisition hardware product by National Instruments that 
collects data and communicates directly with LabVIEW, the data acquisition software 
used by the Capstone team to collect pressure and temperature data. The configuration 
ordered by the team includes a NI 9205 module that consists of 32 analog input channels 
ranging from 0-10 V. Since the accelerometers used in the experiment must be read by 
interpreting two analog output signals, the extra channels available on this module were 
utilized for accelerometer signals to monitor angle of attack. Images of the LabVIEW 
code used to program the accelerometers can be found in Appendix A. The 
accelerometers for the airfoils were attached directly on the inner surface flush with a 3-D 
printed surface parallel to the chord. By doing this, the tilt angle was set to read 0 degrees 
at an angle of attack of 0. The wiring for the accelerometers exits the test section through 
a slot and connects directly to the voltage input module on the CompactDAQ. This is 
illustrated in the following image: 
Figure 6: Test Section Slot 
 
Acquiring proper measurement instrumentation requires the range of measurement 
capability to exceed the expected range of data while remaining relatively close to the 
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data to maintain adequate resolution. To determine the appropriate load cells to purchase, 
calculations were performed for the expected results from the wind tunnel. As equations 
1 and 2 suggest, the highest lift and drag forces occur at maximum air velocity. The first 
step in the calculation, then, involved finding the maximum velocity capable by the wind 
tunnel. Using a hot-film anemometer, this velocity was measured as approximately 40 
mph. Since equations 1 and 2 also suggest that lift and drag forces increase linearly with 
lift and drag coefficients and cross-sectional area, these parameters were also applied to 
calculate the maximum expected forces. Of the two types of objects tested in this 
experiment, airfoils and cylinders, cylinders have the larger drag coefficient. Thus, the 
largest cylinder expected to be tested in the wind tunnel (5-inch diameter by 6-inch 
length) would produce the highest drag force in the experiment. The following table 
shows the resulting drag force based on these assumptions: 




















5 6 0.019355 10 1.08 0.25042 0.0563 
5 6 0.019355 20 1.08 1.001682 0.225198 
5 6 0.019355 30 1.08 2.253783 0.506696 
5 6 0.019355 40 1.08 4.006726 0.900793 
 
As the table shows, the maximum drag force expected for this experiment was 
approximately 0.9 lbf. Since cylinders should theoretically encounter no lift force, the 
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airfoil was used to determine the maximum expected lift. The lift coefficient applied in 
this approximation was the maximum experimental lift coefficient at various angles of 
attack of a NACA 6412 airfoil from a previous study (Tomin et. al., 2020). The largest 
airfoil expected to be tested in the experiment, a 6-inch chord length and 6-inch width, 
was analyzed theoretically and displayed in the following table: 













0 6 0.72 0.002787102 0.3 0.036032 
5 6 1.54 0.005961302 0.8 0.205515 
10 6 1.56 0.006038722 1.4 0.364322 
15 6 1.54 0.005961302 1.7 0.436719 
20 6 1.52 0.005883883 1.8 0.456403 
 
As the airfoil angle of attack (AoA) varies, so does the cross-sectional area. Thus, as the 
angle of attack increases and the width of the airfoil is held constant, the height seen by 
the flow upstream increases. To determine the height of this airfoil at each angle of 
attack, the airfoil was modeled and measured in Solidworks. According to these 
calculations, the maximum expected lift force can be assumed as approximately 0.4564 
lbf, a lower magnitude than the maximum expected drag force of 0.9 lbf. Applying a 
factor of safety of 2, the load cells would require a maximum measurement value of 
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about 1.8 lbf, or the product of 2 and 0.9 lbf. A 1 kg load cell has a maximum 
measurement of about 2.2 lbf. Therefore, 1 kg load cells were chosen for the experiment. 
Air velocity in the test section was measured with a pitot tube. An image of this 
instrument is shown below: 
Figure 7: Pitot Tube 
 
Pitot tube readings consist of two measurements: stagnation pressure at the tip of the tube 
and static pressure of the flow using pressure taps perpendicular to the flow direction. By 
applying the Bernoulli Equation, the velocity can be derived. To apply this equation, 
however, the density of the fluid must be known. To do this, the ideal gas relationship 
was applied, which requires a known temperature value. Temperature was measured 
using a thermocouple. Thermocouples are simply two metal wires of different materials 
joined together, and they produce a voltage that is proportional to the ambient 
temperature. This voltage was read by the CompactDAQ, and the LabVIEW code 






The force balance assembly was first drawn in Solidworks. This Solidworks assembly is 
shown below: 
 
Figure 8: Solidworks Assembly 
 







Table 4: Assembly Parts List 
1 Load Cell 1 (Drag) 
2 Load Cell 2 (Lift) 
3 Load Cell 3 (Lift) 
4 Adjustable Mounting Rod 
5 Mounting Rod Connector with Slot 
6 Drag Connector 
7 Lift Connector 
 
Parts 1-3 are the ordered load cells. Parts 4-7 were all machined using spare aluminum 
stock in the WKU Thermofluids Laboratory based on the dimensions of this drawing. 
Parts 4 and 5 function as a method of adjusting the height of the object in the test section. 
The adjustable mounting rod is secured to the object directly, and the connector with a 
slot has a set screw that is tightened onto the rod when the desired height is achieved. To 
attach test objects to the mounting rod, a connector piece was designed in Solidworks. 
This piece and the test objects were 3-D printed at WKU and designed to be attached at 
the bottom surface of an object with the connector being screwed onto the threaded hole 
on the mounting rod. The angle of attack is adjustable by loosening the screw and 
physically adjusting the object until the desired angle is reached. An image of this 




Figure 9: Connector Piece 
 
To mount the force balance assembly to the test section, it was secured within a box 
along with the circuitry and electronics for the load cells. The box was then screwed onto 
aluminum stock encasing the test section. The following image shows a visual 
representation of this setup: 
Figure 10: Box Mount 
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The output signals from the load cells were analyzed through a code written in Arduino 
software rather than LabVIEW because it was determined that data acquisition through 
LabVIEW from a Wheatstone Bridge instrument would cost considerably more than the 
cheaper option of Arduino. The Thermofluids lab also already had access to an Elegoo 
Uno R3 microboard (a clone of an Arduino Uno board). The microboard consists of 
analog and digital input channels and a supply voltage of 5V, which is the excitation 
voltage necessary for the load cells. Its function, then, is to provide the excitation voltage, 
acquire the electrical output signals from the load cells, and communicate the data to 
Arduino software. The circuitry for this setup is displayed below: 
Figure 11: Arduino Circuit 
 
Using the “Data Streamer” add-in for Microsoft Excel, the Arduino data was transferred 
directly to an Excel sheet in real time, and a data sheet was constructed to automatically 
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perform all calculations on the data. The data sheet and the Excel interface are shown 
below: 
Figure 12: Excel Data Streamer Interface 
 
Figure 13: Data Sheet 
 
 
In the data sheet, the pitching moment and its coefficient are not directly calculated from 
the two lift force values. This is because the two lift load cells are attached to the same 
horizontal connector piece (part 6 in the table). Thus, due to this structure, a drag force 
imposed at the location of the object with a vertical height above this connection point 
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induces a moment on the vertical beam. The structure itself remains stationary. 
Therefore, because of statics principles in mechanics, this moment on the vertical beam 
must be counteracted at the point of attachment on the horizontal connector (part 6). In 
addition, the sums of all forces in any direction, including parallel to the flow and 
vertically in relation to the flow, must equal 0. A moment imposed on part 6 due to drag 
force would cause the pitching moment calculations to be invalid. To account for this, the 
drag force was isolated to solve for the moment experienced by the lift load cells due to 
drag force, and the force values for these two load cells were adjusted. The following 
image displays the concepts explained here: 
Figure 14: Statics Diagram for Drag Moment Adjustment 
 
In the figure, only a drag force is acting on the force balance as depicted by “𝐹 .” This 
produces moment “𝑀 ,” or the product of the drag force and the vertical height from the 
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point of attachment. The moment is counteracted by vertical forces “𝐹 ” and “𝐹 ,” the 
values read by the vertical load cells. When isolating the drag force as the only 
aerodynamic force, these two reaction forces must be equal and in opposite directions to 
satisfy the principle that the sum of the forces in the vertical direction equals 0. In 
addition, the forces must satisfy the principle of the sum of all moments equaling 0. The 
result gives the following equations for the “𝐹 ” and “𝐹 ”: 
𝐹 =
∗
  𝐹 =
∗
 
These forces represent the variance in lift force due to the moment caused by the drag 
force. They were added to their respective recorded load cell values to indicate the 
adjusted lift force values. These adjusted values were then used to calculate the pitching 
moment and coefficient, eliminating the effect of the drag moment. 
In addition to adjusted lift force, the experimental drag force values required adjustments 
as well due to the additional drag caused by the presence of the mounting rod in the test 
section. To account for this, the following figure from Fluid Mechanics: Fundamentals 
and Applications, 4th edition, by Cengel and Cimbala, was referenced (p. 623): 
Figure 15: Drag Force over Blunt Objects 
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Using the section for rectangular rods, the drag coefficient for the mounting rod was 
calculated. This was applied to equation 2 to determine the drag force for each trial. The 
values labeled “adjusted drag force” in the data represent the recorded data after 








RESULTS AND DISCUSSION 
Before trials were performed on the test objects, traceable weights were applied to the 
force balance to ensure that it would read accurate results. Once the results from this test 
confirmed that the force balance reads within 0.5 g of the traceable weights, trials were 
performed on the test objects. In this experiment, two cylinders and NACA0012 
symmetrical airfoil were tested. The cylinders were tested at five different velocities each 
by running the wind tunnel fan at increments of 10 Hz from 20-60 Hz. Testing at various 
velocities allowed data collection at a range of Reynolds Numbers. The airfoil was tested 
only at the maximum speed but at various angles of attack starting at 0 degrees and 
increasing by 5 degrees up to 25 degrees. The following graph displays the drag force 
data as compared to traceable values: 











0 20000 40000 60000 80000 100000 120000 140000
CD
RE










This cylinder had an outer diameter of 3.25 inches and a length of 5 inches. Raw data 
from these trials can be found in Appendix B. The adjusted drag coefficient values 
accounting for mounting rod drag force cause the experimental data to drift further 
toward the expected value, but the results are still consistently higher than expected.  This 
indicates that the drag force values were higher than the expected values. In addition, the 
drag from the mounting rod became less significant as velocity increased. This 
occurrence was more evident in the raw data than shown in the graph, but the difference 
between total drag force and adjusted drag force decreased consistently as the velocity 
increased. The validation data was extrapolated from the following graph by Miguel A. 
Mendez (2017): 
Figure 17: Validation Data for Cylinders 
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The data in this figure represents common knowledge for the unitless aerodynamic 
properties of cylinders. The same validation data was applied to the testing of the second 
cylinder with diameter of 2.5 inches and length of 5 inches. The following graph displays 
the unitless experimental results with raw data located in Appendix C: 
Figure 18: CD vs RE for 2.5 in Cylinder 
 
In the graph, the experimental drag coefficients closely match the validation data for the 
lower Reynolds Number trials, but as velocity increased, the experimental drag 
coefficients became less accurate compared to the validation data. Like the 3.25-inch 
cylinder, the mounting rod drag force became less significant as velocity increased. This 
occurrence is visible in the graph by the decreasing difference between adjusted and 
initial drag coefficient values.  
The primary source for possible error in these trials is the presence of aluminum tubing 
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taps around the midline of the surface. These obstacles are present because they are part 
of the senior project team’s method of analyzing aerodynamic forces through pressure 
distribution analysis. An ideal test for the force balance would collect data from objects 
without pressure taps and tubing. The obstruction of the flow and additional cross-
sectional area by the aluminum tubing likely increased the drag force readings, which 
would cause the drag coefficient to increase beyond expectation. In addition, wall effects 
on the external flow impose a problem with the current wind tunnel model. Since the 
cross-sectional dimensions of the test section (8 inches by 8 inches) is considerably 
smaller than research-purpose wind tunnels, the test objects would need to be 
significantly smaller to avoid compression of the external flow due to the small distance 
between the test object surface and the test section wall. This is illustrated in the 
following image: 
Figure 19: Wall Effects on External Flow 
 
As the figure shows, the presence of a boundary wall restricts the streamlines of the flow 
such that the streamlines can become compressed between the boundary and the object’s 
surface. This would affect the pressure experienced on the surface and consequently the 
aerodynamic forces acting on the object. 
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Thus far in the Senior Project, the data acquisition system using the pressure distribution 
method has only been used to test the 2.5-inch diameter cylinder. Direct comparisons of 
the results from this data acquisition system to the drag force values from the force 
balance are shown in the following table: 





DAQ Drag (lbf) % Error 
20 0.020445 0.034 39.86808 
30 0.044885 0.077 41.70835 
40 0.077095 0.14 44.93217 
50 0.124123 0.218 43.06272 
60 0.165986 0.288 42.36586 
 
The percentage errors of approximately 40% suggest that the values do not closely match. 
However, comparisons between the data acquisition system data and simulated data have 
not yet been refined. Further adjustments in the data acquisition system must be made to 
ensure accurate results.  
The airfoil was tested proceeding the cylinder tests. The following image provides a 




Figure 20: NACA0012 Airfoil 
 
The graph below displays the unitless coefficients collected at various angles of attack for 
the NACA0012 airfoil for which the raw data is in Appendix D: 
Figure 21: NACA0012 Airfoil Experimental Data 
 
The lift coefficient for the airfoil increased with angle of attack until some point between 
20 and 25 degrees as the coefficient began a decrease between the 20-degree and 25-
degree trials. This pattern was expected due to the concept of stall, or the existence of a 
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also increased with angle of attack. This pattern was expected as well because the 
symmetrical airfoil is the most streamlined at 0 degrees and becomes more normal to the 
flow rather than parallel as the angle of attack increases. The pitching moment about the 
aerodynamic center was expected to be 0 for all angles of attack, but the experimental 
results showed a steady increase from approximately 0 to 1 as angle of attack increased. 
The lift coefficient was compared more specifically to numerical data acquired by Elena 
Hollingsworth and computational fluid dynamics data acquired by Alex Doom by 
assuming inviscid fluid, or fluid with negligible viscosity: 
Figure 22: NACA0012 Airfoil Lift Coefficient Data 
 
As evident in the graph, the experimental lift coefficient was consistently higher than the 
numerical and computational values. A possible reason for deviance in the data is the 
location of the connector piece securing the object to the force balance. With a blunt body 
obstructing the flow along the bottom edge of the airfoil, the resultant aerodynamic forces 
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the bottom edges of airfoils, finite-length airfoils are better tested by mounting them by 
their side surfaces rather than on the bottom of the surface. Future studies using this 
experimental setup for airfoils should either develop a method of mounting the airfoil in 
this way or explore the effect of the connector piece using computational fluid dynamics 





The research and development accomplished through this process has led to the 
fabrication of a functioning force balance compatible for wind tunnel testing on the 
current H-6910 model. The accuracy of the force balance was confirmed by applying 
traceable weights to the system to test the horizontal and vertical force accuracy. The 
primary goal for the product, however, was to validate the data acquisition system built 
by the Senior Project research team. Since the data from that system is still in the process 
of being refined, confirmation of the validation process for a 3.25-inch diameter cylinder, 
2.5- inch diameter cylinder, and NACA0012 airfoil between the two systems will 
produce results as the Spring 2021 semester continues.  
The data collected by the force balance was, however, compared to validation data from 
previous studies by other organizations. For the 2.5-inch cylinder, the trials at 17,500 and 
25,600 produced experimental drag coefficient values within 5% of expected validation 
data while the percent error increased to about 20-30% at higher velocities. For the 3.25-
inch cylinder, the trial at 23,400 Reynolds number fell within 10% of the validation data, 
but the error again increased with increasing velocity to about 30% for the other trials. 
The airfoil produced pitching moment coefficients about the aerodynamic center ranging 
from 0.12 to 0.85 at various angles of attack whereas the expected coefficient was 0 for 
every angle of attack. The lift coefficient followed the expected pattern of increasing 
directly with the angle of attack up to a point of stall, but the values were consistently 
higher than their expected values.  
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As discussed, the primary source of error was likely flow interference. The presence of 
aluminum tubing located on the side of the airfoil and the presence of pressure taps 
around the surface obstructed the flow. Future studies should test objects without 
imperfections or pressure taps to increase the accuracy of the results. In addition, the 
connector securing the test objects to the mounting rod of the force balance interfered 
with the flow by adding additional drag force and obstructing the streamlines on the 
bottom surface of the objects. In future studies, the force balance should be tested with a 
mounting mechanism holding the object by its sides rather than on the surface over which 
the flow travels. Computational fluid dynamics simulations accounting for this connector 
piece would also serve as a method of adjusting the results for the obstruction.  
Another source of error in this experiment was the size of the test section’s cross-
sectional area (8 inches by 8 inches). A test section of this size requires test objects to be 
smaller than those tested to avoid the effects of compressing the streamlines during 
external flow. However, the objects were designed to be the minimum possible size for 
the Senior Project team to perform analysis with pressure readings. With a larger wind 
tunnel, this error would decrease significantly. If the future computational fluid dynamics 
simulations accounting for the size of the current test section closely match the 
experimental data drawn from this wind tunnel, the data acquisition systems would be 
further validated, which would provide leverage in writing a grant for acquiring a larger, 
more capable wind tunnel for WKU.  
In addition to efforts in acquiring an improved wind tunnel, this experiment, using both 
the force balance and the pressure distribution data acquisition system, will be 
implemented as a fluid mechanics laboratory experiment in external flow for future WKU 
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students. The development of a functioning wind tunnel force balance has also created 
opportunities for future students to continue its development. As one possible 
improvement, students could develop a method of automating the height adjustment and 
angle of attack adjustment. Currently, the height is set manually by raising or lowering 
the mounting rod and securing the set screw, and the angle of attack is adjusted manually 
until the LabVIEW accelerometer code indicates that the desired angle has been reached. 
The addition of motors for these processes would eliminate the need for manual 
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APPENDIX A: TILT SENSOR INFORMATION 
Figure 23: ADXL335 Accelerometer Data Sheet 
 
Figure 24: Tilt Sensor LabVIEW Block Diagram 
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APPENDIX B: 3.25” DIAMETER x 5” LENGTH CYLINDER RAW DATA 
20 Hz, 14.6 ft/s Trials for 3.25” Diameter x 5” Length Cylinder 
 
30 Hz, 19.6 ft/s Trials for 3.25” Diameter x 5” Length Cylinder 
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40 Hz, 25 ft/s Trials for 3.25” Diameter x 5” Length Cylinder 
 






60 Hz, 38 ft/s Trials for 3.25” Diameter x 5” Length Cylinder 
 





APPENDIX C: 2.5” DIAMETER x 5” LENGTH CYLINDER RAW DATA 
20 Hz, 14.2 ft/s Data 
 
30 Hz, 20.7 ft/s Data 
 
40 
40 Hz, 25.23 ft/s Data 
 






60 Hz, 35.33 ft/s Data 
 







APPENDIX D: 5” WIDTH x 7.75” CHORD LENGTH AIRFOIL RAW DATA 
Lift, Drag, CD, and CL at 35.33 ft/s 
 
Mounting Rod Drag Force 
 
Moment about Leading Edge Calculations 
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APPENDIX E: LABVIEW DATA FOR 2.5” DIAMETER CYLINDER 
20 Hz, 14.2 ft/s Data 
 
30 Hz, 20.7 ft/s Data 
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40 Hz, 25.23 ft/s Data 
 




60 Hz, 35.33 ft/s Data 
 
 
 
 
 
 
 
 
 
